Severe plastic deformation (SPD) processes can produce the bulk ultra ne-grained metals with grain sizes of less than 1 μm. However, the mechanism of grain re nement during SPD is not completely understood. In this study, we perform molecular dynamics simulations of a SPD process like equal-channel angular pressing and demonstrate grain re nement phenomena during the SPD simulations. We propose a new mechanism of grain subdivision related to the mobility of partial disclinations formed in strain-gradient regions during SPD.
Introduction
Grain re nement is frequently used to improve the mechanical properties (e.g., strength and toughness) of metals and alloys. For example, grain re nement has been performed in aluminum alloys using recrystallization phenomena during annealing after plastic processing. This procedure reduces the average grain size of the alloy to approximately 10 μm. Conversely, ultra ne-grained (UFG) structures with grain sizes of less than 1 μm can be achieved by imposing extremely large plastic strains on metallic materials during plastic processing; this process is known as severe plastic deformation (SPD). The UFG metals produced by SPD show excellent mechanical properties and have thus attracted the attention of researchers globally 1, 2) . However, the mechanism of grain renement by SPD is not fully understood. Unlike during grain re nement by recrystallization, UFG structures can be observed immediately after deformation processing at low temperatures in the SPD process; that is, the produced UFG structure is essentially a deformation microstructure formed by deformation.
Based on detailed observations of the microstructural changes after each pass of the SPD process, the concept of grain subdivision has been proposed to explain the grain renement by SPD 3) . The fundamental concept of grain subdivision is that an original grain domain is nely divided by rearranging a large number of dislocations introduced by SPD into energetically stable structures. One of these stable structures is a geometrically necessary boundary (GNB), which can release the elastic strain energy caused by the continuous change in crystal misorientation induced by the difference in slip pattern compared to the original grain. The density of GNBs increases with increasing total plastic strain during the SPD process, while the size of domains subdivided by GNBs decreases, leading to ultra ne (grain) structures 4) .
According to the concept of grain subdivision, the formation of GNBs is a necessary condition for grain re nement via SPD.
How are GNBs formed during the SPD process? To make the formation of GNBs easier to understand, we only consider the in-plain components of GNB orientations. As in the simple case of small-angle tilt grain boundaries 5) , the structure of a GNB with a small misorientation angle can be expressed by an array of edge dislocations with the same sign of the Burgers vector 6) . Groups of dislocations with the same sign of the Burgers vector appear in strain-gradient regions; these dislocations can be known as geometrically necessary dislocations (GNDs) 7) . A large number of GNDs are required to form GNBs and increase the misorientation of the GNBs. As a result, it is necessary to introduce strain gradients into specimens during SPD to form GNDs.
In fact, most SPD processes produce macroscopic strain-gradient regions in specimens. In principle, the high-pressure torsion (HPT) process introduces a strain gradient outward from the center of the specimen 8) . In equal-channel angular pressing (ECAP) 9, 10) and accumulative roll-bonding (ARB) 11) , the shapes of the specimens are changed by introducing large plastic strains when they pass through the bending point of special dies or the rolls; in other words, macroscopic strain gradients are introduced at the border between a deformed region and an undeformed region via the constraint of deformation tools (e.g., dies and rolls). A strain gradient is also introduced microscopically due to the constraint of deformation by the microstructures of the material (e.g., grain/interphase boundaries).
The above facts suggest that strain gradients play a key role in grain subdivision. Introducing strain gradients via SPD causes grain subdivision through the formation of GNBs by a large number of GNDs generated by the strain gradients. This scenario is dif cult to be veri ed by experimental observations because of the dif culty of direct observations of structural changes in bulky metallic specimens during SPD pro-cesses. However, atomic simulations can allow us to directly observe the structural changes at atomic scale during a deformation process with strain gradients.
In this study, we simulate SPD using molecular dynamics and demonstrate grain subdivision phenomena related to strain gradients. We then propose a grain subdivision mechanism governed by the mobility of partial disclinations 12) formed around strain-gradient regions.
Analysis Model and Conditions
First, we discuss the SPD process simulated in this study. Figure 1 shows the analysis model of the SPD process. The dark-gray outer frame is a displacement-controlled (DC) layer consisting of atoms with a crystalline structure. The detailed atomic con gurations are given in the next paragraph. The DC layer imposes local shear strain on the specimen by controlling the x-directional atomic displacement in the DC layer, as shown in Fig. 1(b) . The other directional atomic displacements in the DC layer are xed. Therefore, the DC layer plays the role of the dies in an ECAP process. The x-directional atomic displacement in the DC layer is expressed by a sine wave with an amplitude of A/2 and a wavelength of λ/2. We simplify the local shear strain due to the DC layer as the average shear strain γ calculated by A/λ. The local shearstrain zone propagates along the analysis model from the lower part to the upper part with velocity v. Strain gradients appear in the analysis model at the boundary area between a deformed region and an undeformed region; hence, strain-gradient regions also propagate during the SPD simulations. The plane-strain condition is adopted to simplify the microstructural changes during the SPD simulations (i.e., the y-directional displacements of all atoms are xed). Consequently, the specimen shape and volume after the SPD simulations remain unchanged from the undeformed ones. Our SPD process is similar to multi-pass ECAP 13) and ECAP in parallel channels 14) . Because the actual SPD processes impose a high hydrostatic pressure on specimens, we impose a homogeneous compressive strain of 5% in the x-direction on the specimen in advance and adopt the atomic positions in the DC layer as the initial state before the SPD simulations.
Next, we explain the virtual crystalline material simulated herein. The specimen adopts a hexagonal close-packed structure. Two (0001) atomic planes are arranged along the y-di-rection, and periodic boundary conditions are applied in this direction; hence, only three equivalent prismatic slip systems, the dislocation-line directions of which are parallel to the y-direction, can be activated but other slip systems including twin deformation cannot be activated due to geometrical constraints. One of the prismatic slip planes is parallel to the z-direction. To facilitate dislocation generation from an interface between the specimen and the DC layer during the SPD simulations, the interface structure is set as an incoherent boundary by arranging atoms at body-centered cubic lattice points in the DC region. The crystal orientations in the DC layer are set as (100), (010), and (001) in the x-, y-, and z-directions, respectively. The embedded atom method for copper proposed by Mishin et al. is used for the interatomic potential 15) . Although the most stable phase of the EAM potential is face-centered cubic, the phase transformation from hexagonal close-packed to face-centered cubic cannot occur because of the boundary and plane-strain conditions.
The lattice constant a is 0.2556 nm and the axial ratio for an ideal hexagonal close-packed structure (c/a = 1.633) is adopted. The dimensions L x , L y , and L z in the analysis model are set at approximately 40, 0.42, and 100 nm, respectively. The width of the DC layer is about 2.8 nm. Local shear strain γ changes from 0.2 to 1.2 by changing the value of A and xing λ at 20 nm. The propagation speed v of the local shear-strain zone is 500 m/s, and the temperature is kept at 300 K using the velocity scaling method 16) . Figure 2 shows the snapshots from the SPD simulation with γ = 0.7. Atomic colors other than black represent the rotation angle from the initial state, and the black-colored atoms represent defect structures de ned using common neighbor analysis 17) . The atomic colors change discontinuously in the strain-gradient regions, indicating the appearance of crystal misorientations in localized regions. The regions with crystal misorientations propagate along the specimen during the SPD process, and new grains with distinct crystal misorientations nally form after the SPD process, as shown in Fig. 3 (c). The defect atoms (colored in black) are classi ed into two defect types: (1) grain boundaries with misorientation angles of 26 degrees; and (2) line defects such as edge dislocations and vacancy arrays without misorientation angles. The results demonstrate that new deformation microstructures with crystal misorientations can be formed by SPD process with large γ; we regard this phenomenon as grain subdivision. Figure 4 shows the proportions of defect atoms after SPD with various values of γ. Defect atoms are classi ed into two types, as shown in Fig. 3 (e). The classi cation of defect atoms that compose grain boundaries or line defects is done by 1393 Grain Subdivision Mechanism Related to Partial Disclinations in Severe Plastic Deformation: A Molecular Dynamics Study considering crystal misorientation angle around the defects atoms: if the crystal misorientation angle is larger than approximately 10 degrees, the defect atoms are classi ed as ones that compose grain boundaries. We measure the proportion of defect atoms in the central region of the specimens, as shown in the inset of Fig. 4 . The proportion of defect atoms that compose line defects increases with γ. Most line defects are vacancy arrays along the y-direction, as shown in Fig. 3 (e). The vacancy arrays are formed by the annihilation of parallel dislocations with opposite Burgers vectors; these results imply that the number of dislocations introduced by local shear deformation increases with γ. On the other hand, the proportion of defect atoms that compose grain boundaries is almost zero when γ < 0.6 and is a constant, non-zero value at γ > 0.7. This clearly demonstrates that a critical local shear strain γ c is necessary to realize grain subdivision during SPD. The grain subdivision mechanism is discussed in detail in the following subsections. Figure 5 shows snapshots of defect distributions around strain gradients during the SPD simulations. In the case of γ = 0.2 [ Fig. 5(a) ], line defects arrange at a certain interval around the strain-gradient region on the left side of the specimen, and crystal misorientation appears in that region. This trend is more pronounced in the case of γ = 0.7 [ Fig. 5(b) ] than in the case of γ = 0.2; line defects on the left side of the specimen arrange at a smaller interval and generate larger crystal misorientation for γ = 0.7 compared to γ = 0.2. On the right side of the specimen with γ = 0.7, a plane defect with large crystal misorientation around the strain-gradient region is observed. Since all the above boundaries have crystal misorientation, these boundaries can be regarded as GNBs. Figure 6 shows the structural analysis results of the lattice defects shown in Fig. 5 . By drawing Burgers circuits around all the defects, as shown in the inset of Fig. 6(c) , we identify the defect types. The broken lines in Fig. 6 represent the distributions of slip planes in slip system III (Fig. 1) . The structural analysis shows that the line defects constituting the GNBs in the left strain-gradient regions of the γ = 0.2 and 0.7 specimens are edge dislocations (Fig. 6 ). In other words, the GNBs in the left regions are formed by semi-nite edge dislocation arrays with the same sign of the Burgers vector. However, the GNB structure on the right side of the specimen with γ = 0.7 is no longer expressed by a dislocation array; the enlarged image of the plain defect shown in Fig. 5 (c) clearly shows that the plain defect is a grain boundary with misorientation angle θ = 24 .
Results and Discussion

Grain subdivision by severe plastic deformation
Partial disclinations induced by strain gradient
Interestingly, one termination of each GNB exists inside of the specimen; therefore, the GNBs can be regarded as partial disclinations with Frank vector ω 12) . The magnitude of ω represents the strength of the disclination. In an experiment, partial disclination dipoles are observed in body-centered-cubic iron that had undergone SPD 18) , and the concept of disclination is useful to express the unique mechanical properties and fracture phenomena of UFG and nanocrystalline materials [19] [20] [21] . A partial disclination is accompanied by a terminated boundary, so we call the boundary as the partial-disclination boundary in this study. Generally, the misorientation angle θ of the partial-disclination boundary is equivalent to the magnitude of ω ( Fig. 6(b) ). Consequently, the structure of the partial-disclination boundary changes according to the magnitude of ω. Figure 7 shows the average misorientation angles θ of partial-disclination boundaries during the SPD for different values of local shear strain γ. The average misorientation angles for each γ is evaluated from several snapshots during the SPD process. The broken line shows the ideal geometrical relationship between γ and θ. The observed angle θ during SPD continuously increases with γ with a small deviation from the ideal relationship. The deviation could be attributed to the usage of the sine function to introduce the local shear strain. Despite the continuous increase in θ with γ, the critical value of γ for grain subdivision during SPD is 0.7. The physical meaning of the critical value γ c is discussed in the next subsections.
Mobility of partial disclinations
The terminated band with misorientation is modeled as a disclination dipole, as shown on the left side of the inset of Fig. 7 . The motion of the dipole parallel to the partial-disclination boundaries is known to increase the band length and contribute to the formation of misorientation and kink bands 19) , which are closely related to grain subdivision. However, the observed motion of partial disclinations during SPD in this study is different from the above description; in our simulations, the partial disclinations move perpendicular to their boundaries along the specimen and follow the movement of the shear-strain zone caused by the DC layer. The partial disclinations travel along the specimen without producing grain subdivision when the shear strain is small, and the partial disclinations are left behind in the specimen when the strain is relatively large. In the latter case, deformation microstructures are observed in the specimens after SPD. To summarize brie y, the grain subdivision observed in the present simulations requires partial disclinations to be left inside of the specimen. Thus, partial disclinations with low mobility are important for the grain subdivision. The low mobility of the partial disclinations thought to be due to the large shear strain. Partial disclinations are accompanied by terminated boundaries with misorientations; hence, the mobility of partial disclinations is strongly related to the mobility of grain boundaries. To reveal the mechanism of the shear-strain dependence of the mobility of partial disclinations, we perform shear deformation tests on bicrystal models containing grain boundaries with various misorientation angles. Note that we do not consider the effect of the intrinsic stress elds due to the Frank vector ω of the partial disclination on the mobility of ones. Figure 8(e) shows the relationship between grain boundary energy E gb and θ. As shown in Fig. 8(e) , an energy cusp is observed at θ = 32 . E gb increases with θ until 32 , and the grain boundary structures can be expressed by the edge dislocation arrays, as shown in Figs. 8(a) and 8(b) . However, when θ exceeds 32 , E gb does not increase monotonically with θ, and the grain boundary structures cannot be expressed by the edge dislocation array; instead, they can be expressed by the connection of structural units. Thus, the grain boundary structures transform from edge dislocation arrays to plane defects at the energy cusp at θ = 32 .
Next, we investigate the grain boundary mobility by performing shear deformation tests on six bicrystal models with grain boundaries of θ = 13.2 , 21.8 , 32.2 , 38.2 , 42.1 , and 46.8 . The analysis model is shown in the inset of Fig. 9(e) . Each grain boundary is arranged at the center of the analysis model in the initial state. The dimensions of the analysis model are approximately 40 nm × 1.7 nm × 50 nm, and periodic boundary conditions are adopted in the x and y directions. The dark-colored regions at the top and bottom of the analysis model represent DC layers. To make the grain boundaries migrate, the top DC layer is moved to the left at a velocity v || of 20 m/s, while the bottom layer is xed. The grain boundary migration velocity v m is measured for each θ. Note that the GNBs interact with a large number of lattice dislocations during GNB migration (Fig. 6) ; hence, we also investigate the effect of intragranular lattice dislocations on v m by introducing three edge dislocation dipoles in a grain where grain boundary migration occurs. The dislocation density is approximately 3 × 10 15 1/m 2 , which is about ten times larger than the experimentally observed dislocation density of pure copper after SPD 22) . The analysis temperature is kept at 300 K using the velocity scaling method. Figures 9(a) and 9(c) show snapshots of grain boundary migration for θ = 21.8 and 38.2 without intragranular lattice dislocations and simulation times of 0.3 and 0.45 ns, respectively. To better understand the change in crystal orientation, the initial con guration of each model is marked by a gray-colored striped pattern perpendicular to the grain boundary in Figs. 9(a) and 9(c). Grain boundary migration toward the upper direction at velocity v m is con rmed for both grain boundaries during shear deformation at velocity v || . After grain boundary migration, the stripe pattern is inclined indicating that the grain boundary migration yields plastic shear strain. The ideal coupling relation without grain boundary sliding is expressed as v || = βv m , where β is the coupling factor that depends on the crystallographic parameters of the grain boundary 23) . The observed values of β for all bicrystal models correspond well to the ideal coupling factor calculated by 2tan(θ/2) within an error of approximately ±5%; thus, the perfect coupling grain-boundary motion to shear deformation occurs to all grain boundaries. This result implies that partial disclinations can follow the movement of strain-gradient regions during SPD if the partial-disclination boundaries do the perfect coupling grain-boundary motion to shear deformation. However, when partial-disclination boundaries interact with intragranular lattice dislocations, they cannot follow the movement of strain-gradient regions. Figures 9(b) and 9(d) show snapshots of grain boundary motion with θ = 21.8 and 38.2 in the presence of intragranular lattice dislocations, and simulation times of 0.3 and 0.45 ns, respectively. In the case of θ = 21. 8 , the boundary structure can be expressed by the edge dislocation array, as shown in Fig. 8(b) , and the interaction with intragranular lattice dislocations has a negligible impact on the grain boundary migration velocity v m+ [ Fig. 9(b) ]. This is due to the indirect (elastic) interactions among grain boundary dislocations. Even if a grain boundary dislocation loses its mobility by interacting with an intragranular lattice dislocation, other grain boundary dislocations can still move without losing their mobility. On the other hand, for θ = 38. 2 , the boundary structure can be expressed by the connection of structural units, as shown in Fig. 8(c) , and the intragranular lattice dislocations have a strong impact on the grain boundary motion [ Fig. 9(d) ]. This result can be attributed to the direct interactions among the structural units composing the large-angle grain boundaries. The grain boundary coupling motion requires collective structural change. When structural units in a local region interact with an intragranular lattice dislocation, the collective motion around the region becomes dif cult because of the destruction of the periodicity of structural units. Consequently, the grain boundary mobility in the local region interacting with intragranular lattice dislocations decreases, and the grain boundary plane takes on a wavy shape, as shown in Fig. 9(d) . Figure 9 (e) shows the dependence of v m+ normalized by v m on θ. Here, v m+ is the velocity of the center of gravity of a wavy grain boundary in the z direction. The grain boundary mobility is clearly not in uenced by interactions with intragranular lattice dislocations when the grain boundary structure is simply expressed by an edge dislocation array; however, the mobility is strongly affected by the intragranular lattice dislocations when the grain boundary structure can be expressed by the connection of structural units. Consequently, the mobility of partial disclinations, the boundaries of which interact with intragranular lattice dislocations, strongly depends on the structure of the partial-disclination boundaries, and the decrease in mobility causes the grain subdivision during SPD.
A grain subdivision mechanism related to partial disclinations
Here, we describe a mechanism for grain subdivision during SPD based on our simulation results. A large number of lattice dislocations are introduced by the large plastic strain during SPD. Partial disclinations are formed as GNBs by the rearrangement of lattice dislocations in strain-gradient regions (Fig. 6) , and the misorientation angles of partial-disclination boundaries increase with local shear strain γ (Fig. 7) . The mobility of the partial disclinations, the boundaries of which interact with intragranular lattice dislocations, is very important for grain subdivision because the strain-gradient regions propagate during SPD. For partial-disclination boundaries with small-misorientation angles, the boundary structures are expressed by edge dislocation arrays, and the mobility of partial disclinations is not in uenced by lattice dislocations. However, for partial-disclination boundaries with large-misorientation angles, the boundary structures are expressed by structural units, and the interaction with lattice dislocations decreases the mobility of the partial disclinations. Consequently, deformation microstructures with misorientation angles are formed by the residual partial disclinations after the SPD process, nally resulting in grain subdivision.
The observed misorientation angle of partial-disclination boundaries during the SPD simulation at γ c (approximately 27 , as shown in Fig. 6 ) is in good agreement with the misorientation angle at which the mobility of symmetrical grain boundaries decreases ( 32 , as shown in Fig. 9 ). The small deviation between these two angles is due to the in uence of the asymmetrical components 24) of partial-disclination boundaries in strain-gradient regions and the intrinsic stress elds of partial disclinations on the coupling motion along with the different deformation conditions between the SPD process and the shear deformation test. Consequently, the critical γ c required for grain subdivision could be determined by the misorientation angle of the partial-disclination boundaries at which the boundary structure transforms [ Fig. 8(e) ].
Our grain subdivision mechanism is also supported by some experimental results. Nakashima et al. reported the channel-angle dependence of grain size for an ECAP process 25) . The channel angle of the ECAP process corresponds well to the local shear strain γ observed in the present simulations. As the channel angle nears 90 , the angle at which specimens deform at right angles, grain re nement occurs ef ciently. Because strain gradients increase in specimens fabricated via ECAP with the channel angle close to 90 , strain gradients also play an important role in ECAP grain re nement. For the HPT process, Todaka et al. reported the effect of strain gradient on hardness; the hardness increases from the center of the specimen to the outside 26) . Therefore, the microstructures of the specimens can also be in uenced by the strain gradients induced by the HTP process. Although the present simulations of shear-strain deformation of nanoscale specimens cannot capture all the phenomena that occur in an actual SPD process, the obtained results qualitatively re ect the process of grain re nement during real SPD.
As discussed above, the atomic simulations reported herein reveal a new mechanism of grain subdivision related to the mobility of the partial disclinations induced by strain gradients during SPD. To con rm the generality of the proposed mechanism, we performed the same SPD simulations using the Morse potential, a two-body potential, for a simple two-dimensional triangle-lattice model with three equivalent slip systems. The obtained results were the qualitatively the same as those obtained using the EAM potential, although critical values γ c differed due to different defect properties (e.g., energy and structure) between the interatomic potentials. Thus, these results support the generality of the proposed mechanism. In addition to previous research on the relationship between grain subdivision and partial disclinations using the evolution equation 27) and an energetic approach 28) , both of which consider the intrinsic stress elds of the partial disclinations, our atomic-simulation results help provide a more complete of atomic-level grain subdivision and shed light on the mechanism of grain re nement during SPD.
Conclusion
In this study, we detailed a mechanism of grain subdivision based on critical shear strain related to partial disclinations using atomic simulations. In the simulations, specimens were locally deformed by simple shear at different shear strain magnitudes (0.2-1.2) imposed by the outside frame, and the local regions of shear deformation propagated along the specimens. Partial disclinations formed to accommodate the strain gradients, which increased with the magnitude of shear strain. When the shear strain magnitude exceeded a critical value, deformation microstructures are formed (i.e., grain subdivision occurred), by leaving the partial disclinations inside the specimens after the deformation process. This critical value of shear strain can be explained by the reduction in the mobility of the partial disclinations due to the fundamental structural transition of their boundaries from an array of lattice dislocations to a sequence of structural units. These results will shed light on the mechanism of grain re nement by SPD processes.
